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FOREWORD

Microwave attenuation measurments were made on samples of arsenic-doped
germanium and phosshorus-doped silicon (each of three different resistivities supplied
by the Naval Weapons Center, China Lake, California. These microwave
measurements are compared to infrared transmission Mmeasurements made by Victor
Rehn at China Lake to detcrmine an optimum doping level for strong microwave
energy altenuation and limited infrared attenuation.

This work was perforried by R. W. Lothrop as a training assignment i the
Electromagnetic Vulnerability Division at the Naval Weapons Laboratory, Dahlgren.
Virginia.

This report was reviewed by R. L. Schmidt, Head of the Electromagnetic
Vulnerability Division.

Released by:

C 5
C. W. BERNARD
Head, Advanced Systems Department
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L INTRGDUCTION

Many semiconductors are almost indistinguishable in physical appearance from
metals. In the visible region of the spectrum, like metals, they generally absorb
strongly, having coefficients of abserption on the order of 10° on™!. In the pure
state. the absorption coefficients of many semiconductors, such as silicon and
germarium, drop oft rapidly in the near or intermediate infrared region and tecome
fairly transparent at longer infrared and RF wavelengths. The transparency of
semiconductors at wavelengths beyond the absorption cdge is frequently apparent
only when they are purified to such an extent that absorption due to free carriers
is small enough to show up the fundamental absorption. In an impure state. thev
are generally opaque from ultrav olrt right up to radio frequency wavelengths.

Ths problem is to find coping levels for botn silicon and germanium which will

make them effectively transparent in  the infrared region but opaquc in the
microwave region.
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Il. DOPED SEMICONDUCTOR PHYSICS

The quantum mechanized model of a semiconductor explains electrical
conduction in terms of electrons which have been moved from their natural bond
states within the atom to non-ocalized energy states. Thers zre two varicties of
these states --the donor and acceptor states. In the donor state, an electron is
localized around an impusity from which it can be released into the conduction
band wita a rather small expenditure of energy. This makes the electron from the
impurity atom available for electrical conduc.ioa. Siimilarly, an acceptor state is an
available electron state around an impurity which can accept an election from the
valence band. When this transition occurs an electron is taken from the valence
band, or a hole is produced. An electiical curreat can now be camied Ly the
valence band. Since the energies involved n these processes are of the order of 0.0}
to 0.1 eV, they are much smailer than the energy reouired to excitc an electron
directly from the valence band into the conduction band. These states exisy in
continuous bands which are separated by regions where no energy level states exist
(forbidden taids). When the semiconductor material is doped with an impurit.
energy levels are created which lie within the forbidden band.

An optical absorption arises from the promotion of a frec electron from the
valence band tz the conduction band, accompanied by the absorption of a photon.
For the photo hr > Eg (forbidden band energy gap), strong optical absorption
may occur. If the photon energy is less than the gap energy, the absorption is
usuaily much weaker. By their basic nature semiconducting materials have small
encrgy gaps which correspond to cut-on waveiengths in the intrared region.

When radiation i3 avoplied to a solid, electrons arc displaced from their

equilibrium position by a sclf produced electric field (F). The cquation for the
motion of a free electron in the presence of this electnic field is:

d2x dx Jat
maz— +m7:i-t_ = cEe (n

where

vy is the damping constant which 1s rclated to the relaxation time (1) by

ta
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and where
m = free carrier mass
e = electronic charge (1.6 X 10 ** ()
m = free carrier mobility

Solving for X,

eE i .
= T § e —— ! 3
X = C, +Cye o 3)

As t gets very large, C,e™' approaches zero and if it is assumed that at t = 0,
E=0and X = 0, then

C, =-C
Therefore let
So the solution becomes
eE ]

X = —— wt
m (-w? +jyw) @

The net polarization caused by the displacement of electrons a distance X is.

P = Nely | = —NEE (5
e m(-w? +jyw) )

where

N is the tcial number of clectrons per unit volume,

The complex inlex of refraction «n- jk)? can be defincd as

[
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where

k' is the intrinsic phase constznt, and
k" is the intrinsic attenvation constant.

The k" term causes an exponential attenuation of the wave amplitude. The solution
to the wave equation is

.-) -> ”n [
E = Ejek2e-0k2 (10)

e R [ ——— . ey e RS e S
]
(n- jK)? = 1 +(PleyE) (6)
:
where . %
n equals 4.0 for germanium and 342 for silicon (real part of the index of ;
rvefraction).
Substituting in the polarization calculated above, 3
Ne? 1
n?-K?-2jnK = 1+ T M ;
mey(-w” + jrw) ;
i
where i
i
K is equal to the imaginary part of the index of refraction. %
3
The basic wave equation for a E field in a lossy material is, i
|
1
- _) \;
VZE+K’E =0 . 8) |
The wave number k is, in general, complex and may be written, |
§
!
H
k = kr _ jku (9) 1}

ENER I



The absorption coefficient & can be determined by equating the imaginary parts of
equation (7),

2nK 2 TNe?
n w = cna T e ————— 3.
meo(oa2 +v?) (an

Substituting in for v,

-1
o= g—% [1+w272] : (12)
0

Values for « are calculated in Program One in Appendix A for frequencies from the
infrared range to the RI® range for both silicon and germanium doped at three
different levels. For these calculations. three different doping levels were
used;: 2.5 X 10'3/em®, 1 X 10'%/em3, and 1 X 10'7/cm3. Three different
thicknesses were used: 0.058 in. (0.1473 cm), 0.127 in. (0.5 cm), and 0.70 in.
(1.778 c¢m). The frequency range used went from 1 GHz to 3.7 ym. The equations
were evaluated for both silicon and germanium. There are two regions of interest in
this equation. The first is the relaxation region where 1/r € w. In this region, the
absorption coefficient is proportional to the wavelength squared and the transmission
of infrared radiation is fairly high. In the second region (low frequency region),
where w <€ 1/7, the absorption coefficient is fairly high for RF radiation.

Knowing the absorption coefficient, the transmission percentage can be
calculated by solving a parallel plate type of problem. At every interface there is an
incident and a reflected wave.

. Ko X
incident wave - ¢lkoX | AkX o T¢°

The constants R, A, B, and T can be evaluated by solving,

1+R = A+B (13)

g b B
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jky(1- R) = jk(A~ B) (14)

Teiko2 = Adks + pe-ika a15)
ikyTe¥0? = jk(Aek? - Be-ika) (16)
therefore
; 2
T=¢ iko2 17)
€ ¥ p2)sin ka + 2ju cos ka (
:
where A
i a = thickness 3
k= g8+ja
2
k
W=
1 0
; wn
, ==
therefore
: 25(B + joo)
é T= Al (18)
, % (k3 + @ +ja)?) sin (8 + ja)a + 2j(ar + iB) cos (o + iB)a

The values for the absolute transmission through different samples can be found
in Program One (and plotted in Figures B-1 through B-4) in Appendix B.
i Transmission percentages were found as high as 98.5% in the infrared region, Large
(4

variations within the infrared region are caused by cancellation or enforcement of
the incoming signal with the reflected signal,

The amplitudes of the waves reflected from cach surface will reinforce each
other when

nft) = (2m+l)§ (19)
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where

m is an integer and
t is the thickness.

Destructive interference will occur at wavelengths when

n(t) = m 20)

INPY

Transmission percentages below 107!5? in the radio frequency range were
considered as zero.

The reflection coefficient for different samples can be calculated from

1-n*
R= 1+n* 2
where
n* = = (8 +ija)
w
Therefore,
2c
—‘;(ﬁ + jo)
I1-R = . (22)

The absolute values of 1-R can also be found in Program One in
Appendix A.
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HI. TEMPERATURE VARIATIONS

An increase in teniperature above room temperature causes an increase in free
carrier concentration because electrons from the valence band begin to enter the
conduction band and thereby create hole — carjier pairs. There is a cross-over point
called the intrinsic range where the concentration of electrons in the conduction .
band becomes greater than that due to the donor unpuntm For germanium, the
free carrier concentration increases as,

n(T) = 1.76 X 10'6T3/24550/T g3 @3)

and for silicon as

n,(T) = 3.88 X 1076 73/2¢-7000/Tcpy~3 (29)

The values for the free carrier concentration from 200° to 800° K are listed on
pages A-12 through A-18. These new. free carrier concentratious were substituted
into Equations (12) and (17) to calculate the absqlute signal tramsmitted at
frequencies ranging from 2 X 103 Hz (15 um) to 11 X 10'* (0.27 um). When the
transmission percentage is high, the germanium samples do not show a noticeable
drop in transmission to about 500° K. The silicon does not show a drop until
about 650° K. Plots of this data can beé found m Appendix ‘B (Figures B-5 and
B-6). ‘

To test the actual RF transmittance of both silicon and germanium, samp'es
were made to fit a jig that mated with precision 7mm connectors, (APC-7). The
samples were cut and .polished to a donut shape, with a hole diameter of 0.121 in.
and outside diameter of 0.2745 in. Plane surfaces were polished with 6mm diamond
grit. Two different length samples were available; 0.127 in. and 0.058 in. The three
different doping levels were; 7.5, 0.4, and O. 1Qcm for germanium, and 10, 1, and
0.48cm for silicon. When a sample i§ placed in a line, the impedance of the line at
the point may be calculated.

R+jwL

SH
G+ jwC (25)

Z Sample’ =




,,.
0 -y RTINS

where
L= 2o (26)
2%
2x0 3
= = 7
C Inb/a €=n Qn
2x0
= 28
Inb/a (28)
and
P
= — 29
R 202 - 7D) (29)

The computed values of Z (impedance) at different frequencies for the various
resistivities are listed on pages A-19 througn A-24.

Using these values of calculated impedance, the theoretical transmittance through

the sample at various RF frequencies can be calculated. From two-port theory, the
transmittance is found to be,

T = V TRANSMITTED _ Zy (30)
V INCIDENT Zo sinhyL + ZT coshvyL
where
ZT =500
Y=g

The calculated transmittance is listed on pages A-25 through A-36 (and plotted in

Figures B-8, B9, B-11 and B-13 in Appendix B) for frcquencies from 0.5 GHz to
12.5 GHz.
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IV. SAMPLE MEASUREMENTS

The setup used to make actval measurements on the samples is shown in
Figure 1. The samples were held in the test jigs with cilver conductive paint. Data
were taken from 0.25 Hz to 11.5 GHz in 0.5 GHz steps Figures B-7, B-10 and B-12
show the results of these tests. Test data follow fairiy close to predicted data to
about 50dB of attenuation, the sensitivity limit of the Hewlett Packard (HP)
network analyzer. The measured data are given in Tables 1 and 2.

A test was run to prove the importance of a good conductive seal between the
sample and the test jig (see Table 3). The first test was run without the use of
conductive silver paint between the sample and the jig and between the sample and
the center pin. Tolerances were better than 1/10,000 in., but leakage was still quite
high, A second run was made with only the center pin painted and leakage was
decreased. In the third test, both the center pin and the sample-to-test-jig joint were
painted and leakage was further reduced. The limiting factor in attenuation for any
doped semiconductor will be the seals between metal and the semiconductor. The
only sure way of preventing leakage is to solder the gaps with low-temperature
solder. Measurements made with the test setup shown in Figure | show as much as
a 30dB reduction in attenuation when no silver conductive paint is used in the
gaps between the test jig and the semiconductor sample. The placement of the test
sample in the test jig is shown in Figure 2.

10
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v, OSCLLATORS

: (-0 OMz
. (P>

HP 86908
SHEEP OSCLLATOR

with plug-ine:
88998 0.1-406GHz D6mw
86938 40-80GH: D23mW

08948 080-124GHz >30mW B4I13A HP
PHASE-GAIN
INDICATOR

G44A HP
POLAR
DISPLAY

FIGURE 1

i Test Setup for RF Measurements

AMPLE

SAMPLE
_~"HOLDER

N
CENTER PN

. FIGURE 2

Positioning of Sample within Jig
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Freq.
(GHz

0.25
0.5
1.0
1.5
2.0
2.5
3.0
35
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
115

TABLE 1

MEASURED ATTENTUATION (dB) OF SILICON

10

34.6
16.0
16.2
16.7
16.95
17.1
16.9
17.2
17.7
17.7
17.8
17.7
17.6
184
18.1
18.2
18.8
19.7
20.0
19.7
19.9
206
20.3
20.7

1

0.127-in

19.5
24.1
27.2
21.0
28.95
30.6
32.1
34.1
36.2
37.2
38.8
39.9
41.6
43.3
443
45.2
46.1
48.2
49.7
50.3
50.5
51.6
51.8
524

Resistivity (§2 cm)

04

378
26.8
278
299
31.65
34.0
364
39.0
414
43.5
45.7
473
49.2
504
51.3
520
52.2
52.1
52.5
53.2
53.1
534
53.2
52.8

12

10

4.0
7.2
8.4
9.5
10.25
10.7
10.6
10.9
11.4
11.3
11.4
1.1
11.5
11.7
11.6
11.9
11.7
12.5
12.7
12.2
1.5
12.2
12.8
12.1

1

0.058-in

8.8
14.9
18.3
19.9
21.15
21.8
222
23.0
239
239
248
25.8
26.2
26.3
26.4
26.7
27.2
278
28.3
284
29.1
304
30.7
30.6

04

18.1
23.5
26.1
27.2
28.45
28.2
29.6
30.5
320
328
33.7
344
35.2
36.2
36.8
37.5
38.5
398
40.9
41.0
40.8
42.2
42.7
44.6

PRI
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Freq.
(GHz)

0.25
0s
1.0
1.5
20
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
85
9.0
9.5
10.0
10.5
11.0
11.5

TABLE 2

MEASURED ATTENUATION (dB) OF GERMANIUM

7.5

15.6
17.0
17.5
17.9
18.15
18.3
18.0
18.2
18.5
18.4
18.6
18.5
18.9
19.3
19.1
19.1
19.2
19.8
204
20.3
20.1
20.8
21.0
21.0

Resistivity (§2 em)

04
0.127-in.

228
28.3
30.3
339
37.55
40.1
43.0
4.7
48.7
49.6
51.5
53.1
54.0
54.7
55.2
55.4
55.5
56.4
56.5
56.5
56.4
56.7
56.6
56.0

13

0.1

21.8
28.0
322
375
39.25
41.7
43.8
46.0
49.1
48.5
51.8
52.9
54.0
54.1
55.7
55.6
55.8
56.4
56.4
56.5
56.6
57.0
56.8
56.0

7.5
0.058-in.

1.7
4.6
8.1
9.5
10.25
10.8
11.3
11.7
12.2
12.3
124
12.7
13.2
13.1
12.9
12.8
134
13.4
13.3
13.0
13.3
13.6
13.4
13.4




10.0
10.5
11.0

TABLE 3

EFFECT OF CONDUCTIVE PAINTING BETWEEN
SAMPLE AND TEST JIG AND
SAMPLZ AND CENTER PIN ON ATTENUATION

(dB) OF 0.127-in. GERMANIUM WITH

RESISTIVITY OF 04 Qcm

Unpainted

6.4
12.0
16.2
199
21.85
23.0
244
25.6
26.3
25.1
25.8
27.1
278
29.0
294
29.9
30.7
33.0
34.0
34.0
34.1
35.5
35.5

Painted Pin

12.1
19.2
239
27.7
30.25
32.7
34.0
354
35.1
35.5
353
35.9
37.0
37.4
37.5
38.2
39.2
40.0
40.8
41.5
43.0
44.7
45.0

Both Painted

22.8
283
300
339
37.55
40.1
43.0
44.7
487
49.6
51.5
53.1
540
54.7
55.2
554
55.5
56.4
56.5
56.5
56.4
56.7
56.6

OV T
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V. INFRARED MEASUREMENTS

Infrared transmission measurcments performed at the Naval Weapons Center at

mmnmmmmuhhmmledmammwdm
specifying a2 silicon window of 22 .5Q cm resistivity and polish with 1/4um

15
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VL CONCLUSIONS AND RECOMMENDATIONS

The RF measusements show that the microwave absorption in  doped
semiconductors increases with increasing resistivity until about 100 £2 cm where the
absorption drops to almost zero. A 282 cm sample at four GHz has about a 17%
absorption rate. This means that 83% of the over 100dB loss at microwave
frequencies is caused by reflections and not by absorption within the sample which
could cause heating Infrared transmission in 2 22 cm sample is 51%. This value
improves only to 54% in a higher-purity sample.

It is recommended that a silicon window of 2(+3- 0.5 + 3.0X2 cm resistivity
polished with 1/4 um diamond grit would be the best possible filter for microwave
frequencies from 0.25 GHz to 12.5 GHz. This resistivity is small enough to produce
a faily large reflectance of microwave energy 0 reduce the sossihility of heating of
the window by absorbed microwave energy. This window sihows only a 3% reduction
of infrared energy over the intrinsic material while attenuating microwave energy by
more than :00dB. Due to the high likelihood of leakage around the window, it is
recommended that the window be soldered to its frame with a V-shapc metal band
to take up changes in size of the window due io temperature variation.

16
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PROGRAM ONE

PEOG?M A LOTH(IMPUT,CUTiLT, 3°L,TAPLA=09L)
COMPLEX TyT1yT2pT3,Thy TR, TH

COMPLIX T11yTiadyRHON, T, H1,002,13 24

RFAL K0 ,MUO

PIMENSTON AMU(2) A (2) 3N (2) ;% (%) 4 LAREL (2)
DTMENSION Z(4)y WIDTH(?)

DATA 7/1e9209begBs/

NATA WINTH/4127,0073,4"/

, PI=3.14159265 37532

L E=1e.7-19 t 3
- AM(1) =, TR 4
: AMU(2) =416

o

i ENz=p,0,F=1?
H C0=5,"+R ;
b AMASS=9,11F =31 ' :
A~(1)=‘12
AM(2)=4+26
. DO 23¢ M=1,43
i WOTTZ(0, 127 JWINTH(L=M) ]
F 125  FORMAT(1H1,*IHIKNIGSz ®F 1y, ,* INIHISH)
: A=WTNTA(L=1) * £PFL

D1y =t, "

D(2)=3,.L2

€N0=1,/CC

C(1)=",55419

C(2)=1.0+421

£(3)=1.7+2%

DATA LAFCL (1) /3HGFOMANTU A/

DATA LAREL(P?)/Z7HSTLITON/

PO 23, LP=1,? §

MU= AMY(LP) ¥ &AM (L.P)

TAU= (MUD*AMASS) /™

DN = N(LP)

BLOHAL=C#AM(LE) /(o ¥ 0*Cr®1)

AFTAL= NN®EONO

3a1 WRIT (Fy 11M)LAR-L(LP)
395  GFLF=11,

£N 237 L M=21,53 i

WRIT™ (5, 117)7(LM) '
. 115  FOZMAT (10X, ¥NAFTNA LLMi_¥,T1, ,3)

Yy pp—
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P TN ey

i e bt it d

1219
119

it ce

117
118

119
129
230

FO=, 3 +q
WRITZ(6,1217)

FOOMAT (RX, ¥E %, 10V, A1 "HAR 1 =, ¥Ry FLFCTH

Ch=r(L%)
FNFMAT (32X, 219)
ne 235 11=1,5
FC 237 Ju=1,«
STLJI) #12, %% (1T+9)
W2, ¥DT*F
BL°H5=(ﬁLnﬂkf‘)?)/(1.+(ﬂ*T\U)“2)
BFTA =37 TA1*y
RAT=Sn/w
pﬁT:’:ﬂpLX(?n?,jo)
STM="MOL X (R TA AL fren)
PHON="ATESTY ;
IF (p”'):“-GTolo;r’ ”,l
RA3T=1,
GC Tnr
P1z1,.,=-"HCN
R2=r.1'."Lv(lo’ T,
R3=v'2 + RHNN
PL=P1/23
RAST=( *PS(RL)
IF(ALD“P.GT..11')117911°
TCT=",
GO 71 114
K0z} #rn(
AP=pOoqprap
An=px% T
Ai:(g(quu?g..j.' 1 n##?-;\quc-\H#?) YAda
R1=(",%82) /KD
T1=(W3LY(A17"1)
T11=C020X (AN " Y
T2=0SIN(T11)
TN1=+2,%ncT4
TNzl ,* AL PHA
TN11=-TM1
T2=CMELX (TN?,™N1)
T 1:Ci]DLY(I,\n,’\‘\)
TL=CCNS(TLY)
TC = T1*7Z + Tz2e7.,
TN:F"DLY(TNQ,TNll)
T=Thr/7"
TCT=CrS(T)
WRIT_(vy 127 VE AL PHGymane, Ty
FCYAT(L(SY,711,.5))
COMTINUF
2L

A-2

y15X,% Tangy)
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TRANSMISSION FROM R. F. To I. R. (ANSWERS)

THICKNESS= o 700060
UOPING LEVEL
. FREQUENCY (Hz) ALPHA

oluduilE+ly
«200duE+La
ol 0UBETLD
«800Jd3c+1)
e100u0c+11
«2UdUJE+LL
NI PO S0
«80300E+11
e10G0Cuc+12
o 2d0U0E+12
+4UduOE+12
«8005uE*12
«1uU000E+13
+2000uE+13
eGO00LE+13
«3U0GQE+13
210000E+14
«20G00E+1G
o400 UEHLG
«BUBUDE+LL

OOPING LEVEL

F ALPH
«1G000E+4C
«25000E+1y
e40300c+10
«83000E+14H
»100003c+11
«20000E+11
«40000E+LL
e800JdUET1L
10000c+12
«20d00E+L2
e 400U00EY1L2
+80000c+12
+106000E+13
+20000£+13
e 4J000E+13
«30000E+13
«10000E+14
e2d600Gc+1y
s 40000E*LY
«800UVE+1S

INCHES
GERMANIUM

«250c+20
ABSORBTION COEFF."™ = REFLECTION COEFF.
e71563L¢02 «75082€E+30
2 71562E+02 «65338£+30
«71563c+ul «B61494L+J0
«71551c ¢y +00385E+)]
o71obbti2 +60267E+J10
o 71487E+(2 e6G062E+1)1
o 71260L+02 +60515E+40
«70363E402 ebUGUGE®JT
«697 40c+02 «002032c+30
«bho7dL+52 «60001E+40
«5ul82L4+02 «50000E¢ 4
28473402 «60000c+J)
«e19%4bc il e6Jd00L+J0
01454 +01 «00000E+3D
o1b421i+01 +BJU0GE+ JD
4177204008 «03000£+20
o CB794C+43 «H50J00L+Jd
«07164c~01 «60U000E+0Q
«16803c~-01 600D CEFID
ohlulat=-(2 «00000t+JJd

«1dJ 22
a REFLECT
s 28025L+ 04 +99857€+ )4
sctlbloL+ll +99829E+04
26024+ 0y «99327L+00
28020404 eI7442L+ 20
«2d018E+ Q¢4 e 96147EHI]
+28595c +04 «88122E+ 30
e 78504E¢un «750GLE+ 4
0281‘005"0‘4 065185?."03
«27883+04 e063433c+J)
e 2587 1E+04 «60796E+J0
e20ul7ctub «BU122E+J0
«10589c+04 «600359E+00
e 76184403 o045 003E+30
« 25 B2E+D3 «60000E+00
«650684c+(2 +600uv0E+GU
«16709E¢02 +603G0E+JD
e1C71bt+s2 «0600C0LE+03
+268boL+ul +0U000E+D0
07211+ 00 «60000E+00
o108 (Cot+dL «60000E+I]

TRANSMISSION COEFF.

«H40675E+0Q
e 22107L+80
«1915JE+50
«18222E+C0
«17932€+6 4
«17501c+GC
«18556L+¢03
«18817cE+05
«18C07E+0]
«2U596E+G0
e25314E+04J
«37813c+40J
253813 +( 0
«53639E+6]
« L6594 +L]
«51998c+CJ
052292t +00
«524L431E+00Q
e52L29L+GC
«524L36L+0)

TA3S
023091£-23
46432023
«94899c-23
020728L~22
o27722E-22
«102936£-21
13640E-21
«14289E-21
0 21251E-21
«69229€-20
020193£-15
«42603E-08
«58752c-00
»80919¢c-C.
«19250E+6D
«S57318E+0Q
4628JcC+0)
»50947E+03
¢ 5207012¢C8
+52346E+00

ek b e



DOPING LEvE, *16GEe24 R .

FREQUENCY (#z) ALPHA ABSORBTION COEFF™ "  pery pcvion COEFF.  TRAMSMSEION cOCEE.
*10030E+1) «28025c+06 «100G0E+31 .

«20036E+ 1 +28625E+05 «1000GE+9 8.
4GIUGESL * 28624400 «13000€E+31 J.
e8L0dUE+1 *28623c+i6 »10366c+a1 6.
¢1G0v0E+11 «28618c¢00 «10300E+21 g.
e2U0GGE#]1 «283595c 450 «99993E+30 d.
ehUdioE+] e28554E¢(5 *93993c+50 0.
e8500dceyy e2B14oE+(5 «99972:+9) 0.
*10000E¢12 v27883E 400 +99355£+40) Je
«20d66E+12 «25871E¢Go «99791:4 30 b.
e40d,0Er 32 220077L 46 «98656£+3) Je
«8G0006E+12 ¢1(5894 g6 «86812E+07 d.
©10036z+13 o7818ur 45 «76750E+3) 0.
«20003E+13 e 245826455 «63720E¢3¢ 9.

. 4G000E+1 3 *6SbBLES G4 «60313E+30 «12246E-5¢
e8GR UC+13 c1€7G9C+ 0 «0330GE+ig «80204E-13
«10006E+14 e16715c4 (e +60J00E+5) +34013E-C8
-20000c01‘4 026560?.‘03 obﬁJUGL“‘oo .539126'32
4J00GE+14 67211c4(2 «66300E+33 «19051E+d5
e8CJuCEr1e *168GoE+02 _ «B0JGTE+GD 42675c409

SILICON '
DOPING Live, 2508423

F ALPHA REFLECT . TAgS
¢16d30E+1 029950 +§2 «60510E+0¢ e 4816JE+¢3
e20duuE+y 029955¢¢02 «50359£430 42986546
v4u0d0E+1) 2299550402, *55165E+39 «38237c+90
«8CGUC0E+], +29953E+02 *54855€+0) 41533E45)
o10000Ee1] v299515¢ (2 *54818E+]) 457 06c409
«2000GE+11 0249930t +02 +54768E¢0¢ LLT43E+00
¢400U0E+]] 02967395+02 «54755E400 41957540y
o8U00GE+L] 0296525+ «54752E¢59 «37737€+0)
v16000€+12 0294840492 SUT52E430 «37643c+¢)
¢26030€E+12 028154 +§2 e54751E¢J0 46970+
+400u0E+12 023849C+02 SU751E+49) + 491265 +0)
+8600GE+12 e 16799402 «S4751E+0 #5GCO4EHG)
o160UUE+]L3 115250462 «SL751€+)) «49353545
02G0G0E+13 s 4l4706c+01 e 54751E+3) o B4B76C40
4000GE+] 3 ¢ 1126JE+01 +54751€+37 *53525E+0§
e8L0UGE+L 3 e 28367C+40 o54751L 4] «83567C+09
*16000E+14 «18603€E+0y SU751E+07 « 795585+
«200u0L+1s c4672¢6 .01 e 54751€49( e6C341E¢03
v4G00uUE+Ly #11595(-01 S54751E+90 oST77ITEHG
*B80000E+14 029247¢c-02 «54751€479 63B6IE+Q
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JOPING LEVEL
FREQUENCY §Hz) ALPHA  ABSORSTION COEFF.™

«100.06E+10
e2uluuttlu
.“Unbdﬁ’l&
«806d0E+1LY
«i000uct+1l
«20d0dL+11
AT I TXS S
«8s0uuE+ll
e1u000c+12
«2v000E*12
eulduGE+12
«8h0uGE*12
«10d00c+13
«200JduE*13
o4iGlvuzt13
«8000GE*13
eluludct+il
:280J0cE¢1
«udOOETLA
«3G0uGE+3 &

DOPING

F

-lﬂﬂuGE*lé
«2UBGUE+LY
suldulEets
«BudulE+id
«1G00GE+1L
«20livuEtil
265000€+11
«300o0r¢11
«1G0ulkr1e
«20Judk+L
n“UOGUE‘lZ
.800005*12
.100605’13
«20000£+13
.kuOOGE*13
.du000E013
e1d0ucittily
e 2G000E+1LL
«4C0uut+iy
«Bu0GLE+LY

«103t+22

«119062c¢+ub
«11982c+04
«11982L¢ 04
013981 ¢ub
«1158J0c+ubk
«11975c+it
011952c¢+0%
«11861c+ 04
.1179&6*6*
«11261t+04
95397 ¢43
«59197E403
o6y B2E+ (S
«1€194c+03
.“7U~ﬁi’az
211587462
o Thtl13c401
«18b9ciL+01
d78124+03
«115699E+40

eludc+24

ALPHS

«11982C+00
«11982L¢06
e11982c+30
«11981E+06
«11983L¢J6
«11975£+00
«11952c406
e11861c¢ {6
211794t tyo
+11¢61E400
¢35397c¢d5
«598197c+05
46082405
«1619)E4+0>
s450bkdt+ 06
«11587E+04
oThL13E¢03
¢18696-+03
40781402
e110S3E+02

REFLECTION COEFF.

«99792:c+30
¢99180c+JJ
«95900E+3Jd
+898G1E+00
85920+
o 71154 +JD
«6J684LEHID
«56328c+ul
«55763E+30
54986+
«54794L+00
«54755E+00
+56753E43D
«54751E+00
e54751c ¢330
«5GT51E+J0
e54751E+40
«564751t+J0
.54751E040
o471 +3J

REFLECT

«103006E+01
«13630E¢01
«10000L¢)1
+99399E+d
¢« 99998E+04
299992t +a0
299966E+du
«93864LE+Ju
+99785E¢ul
+930764E+]0
295336E¢J3
+79680£+J0
«bb24lki+ )]
255234E+00
eS4THlE+I]
+56751E+30
e56751L+0
«5475144Jd
e 54751 +30
e S54751t+00

TRANSMISSION COEFF.

«39383E~135
«8064L39E~-13
«175806€~C9
«51237E-09
«856976-C9
e 79455£~-09
«%49362E-09
o5LT7I?E~CY
+56336E-C9
e 14198E~-GS
e30157c=07
«188356-04
«19302E~03
«39365E-01
e 29687=+GJ
« 68991 +(3
«668314E+0u
¢59013Gc¢Ca
e57617c#+Gh
«63763E+00

TA3S

0.

U.

Je

deo

de

d.

0.

0.

0.

0.

0.

0.

0.

0.
«11653c-34
¢79128c-(9
«12506E-05
e25231e~(1
«29389c+00
«53934c+G0

V. fndr . meavw v nw



e~ . -

THICKNESS= «058000 INCHES .
GERMANIUM :
DOPING LEVEL +259t¢20

-3
FREQUENCY (Hz) ALPHA ABSORSTION COEFF. "™ REFLECTION COEFF. TRANSMISSION COEFF. -

elululE+ly «71563c+u2 «75G82E+)0 «99792z+50
206JulE+1) e71502c¢02 «65338£+30 «93167E+4)
«40G0J0ES1D «7156JE+02 «01494E+D0 o 7TLB37E+CH
«800a0E+14 o 71551402 «0J385E+00 «52385E+040
+10000E+11 e T1544c¢ G2 «63247E+0]) s 7440 +60
«2L0ULES11 o 71487462 e60562:+00 581062t +04
«4G0J0E+LL o 71260c+G2 «60315E+00 « 45335 +00
«830030E+11 o7L3b5Z¢02 «6006LE+ID +68248E+00
«100uv0c+12 «09708:+02 «600602c+00 o77158L+09
«20000GE+12 ebbkd70dc402 +60001E+3) «68575L+00
e4d000E*12 «50192£¢02 «603C0E+J0 +534658E+400
edduvute1y 20473+ < «60000€E+J3 s 7367E+00
«10000E¢13 «13546L+02 «60d060E+02 «55288E+0)
«20000E+13 «61454+401 «60000E+JJ 47759 ¢00
«40G000GE#+13 eltwl2lE+utl «00000c+130 o 77038E+GT
«80030E+13 1772400 «6G0JOE+D0 +56626C+33)
«1d0006E+14 e 26793E+ 0y «60300E+3 o 76771c+0(
«20000E+14 «671buc~-01 «6Jd00E+ID 55633400
e4Jd0U0E*LS o1t (G3E-01 o6GUGOE+G0 h8442E+0]
«830ulE+1e e42ulut=-92 «60J00€E+30 e 717 32€4C0)
JOPING elud+22
ALPHA REFLECT YA3S
«10000E+1¢ +2E025L¢04 «99957E+10 e 43c25£-03
»2003GE+10 « 2BO25E+04 ¢99829c+40 «85638834c-03
suwulJdUE+LY eltolb4it+ iy «99327E+10 «17730E-02
«30d00C+1y e 28020c+04 « 7442+ «38436E~-02
«10000E+11 028013 +04 ¢ 90147E+J3 «51239c-02
«20000E+11 «28595L+ 0y «88122E+00 «18345€-01
«40000E+1L o 28204l «7T5y04E+J0 «20947E-01
«8d0Lukt+11 «28142ct iy «65185t+J) «12240€-G1
e1LUulc+12 «27883cL+04 «63433E+00 «11862E-01
«20000E+12 o 28T 1L+ «63796t+00 «14528E-01
e LO0UGE+L2 s2Llu77+uty «60122E+00 »33362c-01
e8G0ulE+12 «1(C589E+(4 «6GOU9E+]D e 13264E+0y
«10000€E+13 o 78184E+(3 «60003c+d0 «20007c+04J
0200u0c+13 20082t +03 +60000c¢0 «38LI7E+(CC
obO0UOE+L3 +65084L+02 «06U0000E+JD «6B8777E+0Q
«800L0E+LS e16703+02 «603006c+00 ¢55633c+(0
o100ulE+1e elu7lbL+il «6GduCE+)I + 75302040
e20000E+LL o2t8boL Y «BUJuOE+]] 554924090
«4U0U0E+1G e07c¢11c+(y «0dU00c+30 «48418c+00
«80CuuE+ly eltb 0oy «600ulc+l0 e 71713400

et e a4 e am



o A

[-—-—

-y

JOPING LEVEL «100E+24
FREQUENCY (Hz) ALPHA ABSORBTION COEFFS™ REFLECTION COEFF.
«10000E¢15 +28025E¢+G0 «1G300E+01
o 2GOLGE+1, «28025c+06 «10000€E+J1
o 4GOI0E+LJ o 28024 +uyb «100J00E+J1
«800uyE+1D e2862uc+(6 «10000E+J1
e10000E+11 «2b018c+ib «100060E+51
«26040E+11 e28595c+d0b «99998E£+J0
c4UlUUE+IL 220504c+06 +99993E+J0
«30000E+11 e 2814b6L+06 «99972c+41
«1d000c¢+12 e27883c¢00 +G9955¢£+4040
200506c+12 e25871E+Co ¢99791L+00
o4(JUOE+]2 «20u77E+0b «38656c+04
«B8GO0GE+1Z e1i283c+00 +86812E+00
«1000GE+13 o78184c+05 «76750E+00
«20000E#+13 e2L582C+(5 e63720t+30
 e4D00E+L3 650845404 «60013E+30
" +B8GJuCEFL3 016759 +04% «600u0E+J0O
«1U0JUE*LY e10710E+04 «60000E+30
«2U060Er1y «26860c+03 «60000t+00
+4U0UOE+14 e67211E%u2 «+03060E+30
«B800uuUETLY elbdibi+d2 «60000E+JD
. SILICON
DUPINu 250ct2d
ALPHA REFLECT

«1ululE+1] e299506.¢02 «60510E+373
e2uluuE+1yd e 2995512+32 e56359E+404J
suDJUE+LY 029955402 +55165E+00
e80J00E+1) 293955+ (2 +54855E+40
eluvluGE+1LL 2299511402 «54818E+J30
«2000GE+1L «299306E+02 «54768L+30
«LU00UET1Y 29879 +02 «54755£+30
+800u0E+11 o 2Y9052L 402 e54752c+00
«1G000GE+12 e 294844y «54752E+00
e 2000w+l « 28154402 +54751E+04
eGJulE+12 21 23849E+02 «54751E+00
+8L0u0ctr1? e14793E+402 54751 +40
e10000c+13 el1152ul+u2 «SU751E+30
+20000E#13 JH4lb470L+01 eS54751E£+030
«400J0E+1L3 eil126di+il «54751E£+00
«BLlyut+ll «289b7E+0J eS4751E+00
«100JLE*LY «18ou3t¢yuy «S4751E+J0
«20000E+1e 46720E-01 «OLT51E+ID
v400duEtlsy +11095c-01 +54751E+J0
«800JCE+1LY e29247E-02 54751 +30

TRANSMISSION COEFF.

0.

0.

0.

J.

0.

0.

0.

de

8.

0.

0.

0.

a.

d.
«40167E~-04
*54567E~C1
«13322€¢00
e 40810€E+00
+45935€E+00
+69808E+(]

TA3S
099373E+00
«95257E+00
+83925E+03
«6L1B7E+DU
«58283€E+G0
577 34c+GD
«57203E+00
«58998c+04u
«56260E+C0
«61618c+090
+53583E+00
+8268bE+00
«54850E4+00
« 76L73E+GY
«57895E+03
«633462+00
«88265E+C0
«70712E+00
«S4521E400
e87212E+00

K copdic sk agsmon



FREQUENCY (Hz) ALPHA

F

DOPING LEVEL

«1U000E+13
«20000E+15
«LLJI0E*LY
«8G0GUE+LS
«10000c+11
s2vlbduE+ll
sLdUuE+LL
2 8L006uE+11
olﬁﬂdﬂtflz
.dbauaﬁ’iz
elluittle
eBuUd00L+12
+1u000E+13
+200uiE+13
o4G0dGE+13
eB8L0G0E+13
e1L00CE+14
«CUlulE+ly
e40000E+1y
0860006'1“

JOPING

elLduiE+1)
e 200vdk+1y
ebuluib+ty
«BLUOUGE+LY
eluliuEe1y
«20600GE+11
sl JGOE+L]
+8G000E+1]
e100C0E+L2
+200G0E*12
e 4UBulLE+12
«8G000E+L2
«16G05uE+1S
e2u0UlE+LS
+4C000E+1LS
+80000E+13
«1600UuE+1Y
+20000E+14
400U uUE+LY
+80U050L+10

LeVie

e1Gu+22

e11982:¢ (4
e1198cEvuly
e11982:40¢4
«11981c+04
«1198uct( 4
e11972c+uy
«11352c+34
«11861E+04
e117942+ 54
0 11261+04
0953970 +43
+56197c+03
bouB2.+038
« 10193403
0“50“05*02
.11967;*02
.7##105*01
18090+ 01
o7 8L+l
e11099kL+(

«1605+24

ALPHA

1119822+ 0ub
v11982C + 0
v11982c+ 00
«11481c+00
.11965;+00
011975L*00
e11952:+¢4y0b
113861t ¢06
11794t +00
11261t +yp
¢9:.397t.+(>
¢59197¢c+i5
HOI82C+(5
+16193L¢05
4hubdrr gy
e11587c+34
07QH156*00
oltb9C+yd
bu7B81i+(2
011599 +52

ABSORBTION COEFF.S™

REFLECTION COEFF.

«99792E+33
«99180c+00
+96800E+JJ
~89801E+00
«85920E+30
oT1194E+ YD
bi684E+]Y
«56328c+00
+55703E+30
2 5498ECE+)
54794 +JQ
«S54755E+00
547535+
e54751c+00
S54751E+20
54751403
SLT51+])
«S4751543)
«SL751E+3)
567511 +3J

ReFLECT

1060 0c+01
«1C0G0E+01
+10000E+ UL
»39999E+137
+«99998E+J0
299992£+30
+99360E+30
«99864E+))
99785L+J3¢§
e99374L+50
9 3ubLtuy
«75680E+00
+B6B62LLE+D
¢55234¢+30
05“7b1t*00
+H54751E£4¢00
254751t +J0
e54751E+40
«54751E+)0
«HU7512+00

TRANSMISSION COEFF.
0 12402E-01
«25202E-01
+54L66E~D1
«15187E+00
e 24927E+00
+23935E+0)
e14.95E£+0)
«12678E+00
0 12625£+00
«13366E+04¢
+16920E+00
«30333E+00
0 333u1E+GC
+59101E+00
+55524E+08
+62209cE+00
«806913E+00
»Tu536E+00
«5L531E+GO
«B7191E+0(

TABS
de

0.

Je

Je

Je

0o

Je

Je

0.

Je

O

o.

0.

Je
+91978c£-03
«12673c+00
2« 24G07E+0Q
«564(72E+0U
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TRANSMISSION COEFF.
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, TEMPERATURE®K
200000000
250.,00000
300.0000u
350.00004
%00.0000.
&50.00000
500.0000.
550.0004uy
600.0000¢
650.0000u
700.000u0
750,06000
800. 00300

TEMPERA TUxE
ZOD.UUUuu
250. 0uuiy
300.000uy
3506 0Guuy
«00.30000¢
“,OODUOUU
500.00uuy
55000UUUJ
600.00uuvy
650004l
700.000uu
750, 00u4u
800, 0Quuy

TEMPERA TUnE
200. 00000
250, 00000
300.00000
350.,000uuy
«00.0000u
450,000uy
500.000u0
5504006000
600.00000
650.,00040
7000000“0
voue00uuy
800, 000Uy

TREIITNCY

:KLJJLNVY

“Redda iy

.70000;*133

DOPING LEVEL™
«10000:+22

010000 +22
210600c+22
«10005c+22
2lU078c+22
010650422
eldolifz+22
2240359422
20093 +22
elusloc+23
e 3302w +23
ofladtc+2s
slulile+ly
+00000E+1y

UVUPING Levee

«10000e+22
«10600c+22
«10000c+22
e100loc+22
210073 +22
10050+l
ol3007c+22
24899c+2¢2
20b8YdL+22
sludloc+23
3302+t +23
o7 1us1E+23
lall1lc+24
.90000;+1~

wUPLING LEVEL

+10000c 422
10060022
+10000c+22
.1GUU:L¢£2
10078c+22
eluoslc+el
W13007:+22
oI +22
28098 +22
sleo2ot 23
05352*L§23
71471423
ul“JlZLf&“
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TRANSMISSION COEFF.
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e2000uc+00
e2080oc+uy
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TP

“RediEnLY
TEMPERATURE’K
200 00030
250. 00000
300.00000
950, 0060y . ... ...____
«00. 000U '
450, 00000
5006 00udd
5500 00uui
600. 00000
650. 00uUdv
700. 048000
750, 00000
800.3034u
FRCIVLNLY
TEMPERATURC
200. 000V U
250. 0040
300.00u0v !
350.04000
400.,0030u '
450,00000
500, 00000
550.00uuu
600.,0900u
650+ 00uu0
¢00,000u0
750,00udu
800.3004Uv

«10000E+1>5

DOPING LEVELS™ TRANEMISEION COEFF.
+10030c+22 ol 725043
«10u000c#+22 o77258-+00
«100060c+22 o772%0.+0y
liQuor 22 IRy & #'+-1 P51 H 2
e10078c.¢22 «77250:%3d
o10650c#22 o 77257400
13007222 77220+
24859422 of7227c+ 1
+200Y9dc +22 7712+ 00
el45l0c 423 slo979crul
03362+ %23 Y AP TR T
oflailic+23 o75812:-+04
elevile+24 o Tulou ¢+l
«11000c+1>5
UUFPING LoVl TAu>
«10G00c+22 eb1wsuce00
«L0000c#22 eleboi+00
«10000E+22 e0l4o5c+0y4
«10005c+22 e01lwdaL+Ud
«1 00730422 sbludatiu
eldooidc+el soluduc+0d
13007422 ebluyol2z+0)
W2u8n3dc+22 eoluudctlU
0093 +22 ebleldc+iy
el wd2pc¥23 e0l1333-+00
S3024E 423 s0li7-t+00
/16471423 e0008dc+00
e14w(12c+24 e00229ct+Ug
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PROGRAM THREE

IMPEDANCE (z) AT DIFFERENT FREQUENCIES

AND DIFFERENT RESISTIVITIES FOR Ge AND Si

Ge
MDEX OF REFRACTION
KCOFF RESISTIVITY
“«Jully el 2diut~1 chmem
FREQ Hz ohmg 2 X ohm

e500ud.*i Y dede-y Jded%lYy
«1000uUc*r1g 3.13384 2037 Y06
e15230c+16 Yol 307 Towt 17
02000Cc*106 11. 120 8.0227
253 00ce1d L2ev3s¢ Dedndy
«30udd.r10 L3.0Yy 1)e311
e35Culce 19 lwe0lu 106443
e400ducrau Lve290 ll.400
e42000.+10 lo.331 lievin
50000c+1 1feslo 1<¢203
e5500utsu 10 vwy 1dev»50
«6006d0c¢10 19e0 4] 12790
e6500Gc+10 0e 9] 12970
o7 0udlctry 21399 13.110
«750008z:19 220 473 13.2006
ob3360c+s) 2o il 13.27¢
w5000+ 0 23.004 13.332
e30J3uc+10 lie 200 13.300
e950d0crin Zae JUY 13.2006
e 10030_+11 2200301 13.246
«10500c+11 Zoe d7i 13.1437
ellivuotat ZteDlew 13.,11¢
e11506. 4.1 27.120 430 ice
e1260uc.rld 2iet 17 124924
sldouuc+.i 2080 0L0. 12.014
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MPEDANCE
20 Rehm
fentldc
16.85¢
12.24%9
1eedivd
1s.004
L?ollw
10evle
190005
200057
21.704
22+040
230322
2%.330
450090
250600
LYY
27393
270070
2842238
C8el 3.
294217
29.0b 49
306095
30e0u?
30307




MIDEX OF REFRACTION
RCOFF RESISTIVITY
hovluld e+ L0t~ u2 camen MPEDANCE
FREQUENCY Hx) chas Z X ohun Z0 Retm
«50600.+49 leloonl lelse? le0l71
010u4d0zviu led 442 l.0136 263000
«1564u0ce 10 2eido3 1e 3707 dedlli s
«20000c910 dedlod <e2d31 3e2230
«2500ui¢l1 Ce2933 263542 3.b370
e3000ucti 233002 Ze790b6 dedley
e395008:¢16 Jedo?d Jed10Y 203042
ohBdGoctil Je.l01Y 362251 +s0010
o45600ce1rl Sev033 Jewldl ~obols
«5000G..+10 oo 3.0003 Jelubs
«55006=+10 3ed500 Se 7736 263352
+60000-+16 +ed 311 Je3375 2¢045%
2056i0c.¢14 +slv0v velYeo 2054
e7006006c+10 e dolio 4e2457 os08bo
«75000z+¢10 werl7w “e39UY 0e23%0
«80300:.¢,.3 *e 20 Y 02309 0eH062
e8563i0c+id <e0lo00 #0001 0¢7009
e900u0ct.s0 “e 30060 “e 7971 243205
o95000c018 21000 4e9241 /o089
+10000:+11 22370 S5e0+473 762733
«10500:.+11 200705 velo?e {fewdgy
011d00cr11 2620613 592839 70270
e11500c+it 20029« 2¢3370 7Te73%)
»12000:c+i1 seluo10 22085 7 eJobw
e12500.+11 2.0783 Se0ln0 8e130+
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(Y i

INDEX OF REFRACTION

ety

RLUFF RESISTIVITY
4edddd e LUGUUL= D2 chemem IMPEDANCE
"FREQUENCY (Hz) ohens 4 X ohen ZQ Rohm
«508u0ctuy eo7 710 «57322 e813u>
e10,00c+ 10 81211 «081178 11564
«15000c+10 e 33/ 39 e99+53 l.4009
«20030c+10 Lel1525 1 dlube l.v2tY
e220ulicrin Lol 00" 12039 1.81b9
e34dl00U:r10 1lo4115 lev003 1.93cy
«35Gulc+LrD lea2%Y leo187 2el22¢
+40006:.v1y 12030+ 1.6233 2¢3d00
e450J0c+s0 1«7/ 290 1e721> Cetennld
e50030c+4d 1.323> 1e0143 Lealco
e5500tz¢14d Led129 1.902¢ CeDdl s
«60000c+10 Le29d3 1.90800 2.0170
«050006-.+10 ed 0w 240b73 209323
o700006Gc+1 0 lel 293 Celuwy 3eludu
o75000.+id 2e¢23%0 202137 Je 196w
«80000G_+10 el uYe cel921 Jec23¢
«85000c+10 2e30uY 2ed021 Je323y
«30000.+10 242985 Ze=301 Jew21l
«950006c+ 1 el Ze+Y01 Jev4bo
¢1000306.+11 2e20ul 2e2ale 346377
e10500z¢11 2edwd2 200230 3.7270
e1100Guctsl efllw Y- 1. X Y4 de01i s
e1150G6c+.l el 729 Coe (439 3¢9010
012030c+11 200931 20623 209043
e12500cril 2e04922 LeDY4 +sl071
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Si
lﬂxxOFnEme
KCUFF RESISTIVITY
Jetlidu o/ 50039t= ) lohmem WPEDANCE
FREQUENCY (H2) ohms 4 X ohm Zi Rohm
¢53000.+u9 23201 Se07 20 leulYyc
¢10090c+iu Jeloilo 00552 10.3%7
e1504d0c+1 Jdedlol /e0090 12.203
020030c+10 LGe 990 0e830b luello
«25G30-¢140 12+203 Je8b Ly 15.730
e 3$00062+10 13.&%9 10./13 174192
¢350J0:+10 lwevul 11.u54 18e.327
o40G00:+1 0 12ec2U 1Z.098 19751
o450 0GLt.u loevdl 12.vbi 20e901
«500GC¢40 L7e599 13.101 214370
e2560Lct+10 10623 13.58u 22972
«00000c+10 L1942« 13.954¢ 23.910
2650J0c+in Cuedl> 14.279 240807
«7000u~+10 21i.110 l4e559 22e0bky
e75030ct 1y <1.91/ 14.400 2bewto
«80UJCCrly 224094y 1s.L0> 2742063
.69“00;’10 23em30 1>.1706 270321
e90G00c+40 2uelvo 15,310 d8e003
¢95000-+,0 22e051 15,432 23.293
e10000c+11 2249222 lo.v21 29.372
0105306 11 Zos 160 12.286 30e95y
¢11G083c+11 2ae (92 1>.031 31.019
el150uc+l i 270394 12.097 31.9553
¢1200dc+11 20elw 15.0b0 32.,36¢
e1é500cri Z0e 933 1,059 $2e240
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ERRANES ut v )

Si
INDEX OF REFRACTION
RULUFF RESISTIVITY

3ewl(d se0ddlL=12 ohmem IMPEDANCE
FREQUENCY (Mz) ohms L X ohm L3 Rohm
oudif0. _+uy lelo51 1.1320 1e0271
eldvJiu_t1ii leddYe Leolae 2e3dud
e1200U.+10 2ediinY levoill 2edlry
«20000.+10 Zedlul o264 32550
«25000.¢+18 2e20/(2 2ea9/d 3e0370
e30uldbtiu le 3340 eduldV 3.93%0
e350ud_+10 36 3ui9 3e2al we 304c¢
oeuwluilb_+id el 750 3e4231Y woebllee
o200+l de+/01 Je4l2b +e 030>
«2000ucras Jeouay deolid¢ Felate
e22udlct.u Je3dnwo0 3e73833 263925
e00000t4sD +eJd204d Jedw3dS HSetdbs
e5500062r10 ~eloDw wsiudl 2e80Y
ofdullctliv +e3403 «sl0d0 TR IR LY
07505Usflﬂ +e2020 seruln 063303
oB80uvulcriu +e05923 YPL 14 be300b
o820ul_+2d vol Y0L wenBOLZ e /07 g
¢9000uz=trad se Ivud wedldy 29013
e9%000:+10 Jed i 02 4ol 760363
-10&Uu_fll 90813? 900751 102794
«10500-+41 2adwyw DelYol lev253
e11000.ril el 4 e 313/ lelY¢
ellodlcrit ) e0dJl7 204235 Teddl.
012003 .+11 2ef > Yeoul0 7eY00b1
eléofucril 2604049 oo 31 Beld2o

A-23




INDEX OF REFRACTION

RLUFF

K Py Y4
FREQUENCY (Hz)
¢50000c+03
«1063d0c+1d
«1500uc+10
«20000=rs0
«25000:+12
¢30000z=+12
¢32000=+14
ew00uuct+10
«45060ctasu
«500060c+1¢
29630 +10
«60000.+10
eb2000Lt10
«70000z+10
«75000:+140
«80000=+.0
+85000c+10
+90000c*1 i
«9500dcr10
«10000c+.1
«10500crit
0110005*11
011500+l
«12000c¢i1
012500c+11

Rt RessTIVITY

eludult~02ohmem
ohms L X ok
3/ ils e27340
«0lu01 «d1187
ed3¢tl ed9«71
1elo2i 1.14087
Lelbodd leddugd
levliu 1.4008
1.0242 12196
tenlYc lenlel
107267 1.]22%
Ledc2« l1.315%
1.3110 1.9037
Le 3903 le9081
20780 Ze U0
2eln?> 2eluo?
242330 2.221b
263072 2edY9ud
ce3ido Ced0O4D
2ewwiY Cow327
2e2193 2044930
2eo0ll Ce2b35
2e0ubl 200204
2.73%19 2.0878
20’&92 Lelal?
240292 2e800%
2ed07Y 2.8038
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IMPEDANCE
£0 Rokm

81345
1e15GC
lewdbs
1.6269
le81b9
1.992%
2el1322
243000
Cenwalo
2e95723
240379
2.817%
269329
Se0u3n
3e1950«
32537
36523y
3eu511
3e24by
d.0370
3e7270
3.8153
348011
349850
e 0071

o
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PROGRAM FOUR

TRANSHMITTANCE AT FREQUENCIES FROM 05 GHz TO 125 GHz
FOR DIFFERENT RESISTIVITIES AND DIFFERENT THICKNESSES

INDEX OF REFRACTION

RCOFF KESIS LENGTH
4e.006Ja 750 L uE~uLohme 32258 E~02meters TRANSMISSION
FREQUENCY (Hz) R 4 X TRANS (J8)
«50000&+09 0 ¢ 3446 obm cm 308433 ohms -p,3757
+10080E+1y 8.130C 29790 “8.7450
+15000E+1( 9.7i57 74717 -1J.641
o2G0u0E+Ly 11.128 8.6227 ~12.238
25300t +1y¢ 12.437 Jeu 94 -13.547
«360i0L+10 13.059 13.311 ~14.713
.35"50&‘16 16810 1J.943 -15.740
.kﬂocﬂtflu 15.,09¢ 11.468 ~16.652
«450iL0ECLD 16.931 11.904 -17.467
«50000c+10 17.913 12.203 -18.199
«55000L¢10 18.849 12.556 -18.80u
+600u0E+LY 19.74¢C 12.79¢C =19,459
«65000+10 2539C 12.973 =20.304
«70000c+1G 21.3949 13.114 =2d+5¢1
«75000E+10 26170 13.248 -20.955
0860606’10 22090“ 13027; '21-370
-85000t+16 234603 1343452 =21.752
«960U0L+1y 24,268 13.306 -22.102
«95000E+1 0 244900 13.286 ~22.425
«10000€E+11 25.5(01 13.2406 =22.723
2105060 +11 26.071 13.187 -22.398
«11J00c+11 2be.bolil 13.112 ~23.29%2
«115G0E+11 27.128 13.324 -23.4L87
ciZO&OEfll 27.0617 12.924 '230735
e1250L0E+11 28,uB1 12.814 -23.99048
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\y

WMDEX OF REFRACTION

RCOFF RESIS  LENGTH )

o040 e 750 LuE=ulehm, 147 32E~02 meters TRANSMISEION
FREQUENCY {Hz) R r4 X TRANS (08)
»S000dE+GI 603440 chmom 3.863%as -1.7138
013J00E¢1Ld 8.1306( 5.9796 ~2.5487
«15303E+10 9.7d5%7 7e4717 ~3.4632
«20003E+1¢ 11.128 8.6227 ~4,3003
«25000E+10 12.437 9,549 ~300297
«3000L0E+10 13.659 10.511 -5.,659%
«35000L+10 14,810 13.943 -5¢2047
«&0000E+LS 15.898 11.468 ~6.6803
«45000E+10 16.931 11.%04% -7.9982
«50000E+1D 17.913 12,2063 -7 4685
«55000E+10 18.8%69 12.556 -7.7992
«60000E+10 19.74C 12.796 -8.0967
«65000E+14 20459¢C 12.973 -83.,3662
«700G0E+LG 21.399 13.110 ~8.6123
« 75350 +10 224170 13.208 ~8.8376
«809G0E+LUG 224904 13.2739 -9, 0457
«85300E+i0 234603 13.302 -9,2386
«9000G0E+1G 24266 13.306 -3.,4178
«959G0€E+10 24.90¢ 13.286 “9.5847
«10J00E+1L} 25.501 13.246 -9, 7403
«11300E+¢11 2b.61d 13.132 -10.620
+11500E+11 27.128 13.024 =10.146
«12000C+11 27.017 12.924 ~10.262
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Mg

NDEX OF ne
RCOFF

%.0000

FREGUENCY (e)
*54066E£+09
»10000E+10
«15309E+15
«200080€+10
«25000E+10
«30300E+10
«35300c+10
«&40060E+10
+65000€+10
«500063€E+10
«55000E+10
+60000E+1(
«650039€+1¢
«70000E+1
«75000€E+10
«86000€+1§
«85000€+1¢
«90960€E+13
«95000E¢14
«10000E+11
«16509€+11
«11000E+11
«11500€+11
«12000€+11
«12500E+11

ReSIS

LENGTH

2 403C0E-)20hm, 32258E 0 2 meswes

Z

1.,166Z smem

1-h402
2450663
203163
245903
20,8388
3.0679
3.2819
3.4833
3:.6744
3.8566
b,3311
4.1909
4.3608
%.5174
4.6692
4.8166
%.9603
5.1003
5.2370
237065
5.5013
5.6294
5.755(
5.8783

A-27

x

101367 cams

1.6136
1.9787
2.2851
2.5542
2.7966
J.0189
3.2251
J.4162
3.6003
3.7730
3.9375
4.0948
b.2657
%.3909
4.5309
b.60661
ke7971
&.92641
5.0673
5.1672
5.2839
5.3976
5.5685
5.6168

TRANS (UB)

~28.380
’“10060
'50.802
~59,005
‘66-219
'72.728
~78.695
84,2043
-89,437
~9%4.,338
-98.987
-103.42
-107.66
-111.72
-115.64%
-119.41
-123.07
~126.60
-130.02
-133.36
-136.640
-139.75%
-142.83
’1“5083
=148.76




INDEX OF REFRACTION

RCOFF RESIS LENGTH
4.43000 e40030t~320hm, 1 4732E~02meters TRANSMISSION
FREQUENCY (Hz) R Z x TRANS (08)
»5L3udE+09 1.1662 ohmem 11347 obms ~11,386
«15000€+10 2.0063 1.9787 ~21.660
«20000E+10 243163 2.2851 -25.421
«25000E+1¢ 259035 25542 ~28.,728
+30000E+1§ 2.8388 2¢7966 -31.712 ;
«350G0E+14 3.0679 3.0189 =~34.450
«40000E+10 3.2819 3.2251 -36.992 ;
«45000E+10 3.4833 J.4182 =-39.,374 ' 1
«50000E+10 36744 3.6003 ~41.620 ’
«550060€E+10 3.8566 3.7730 -43.752 :
«60000E+1y 4.0311 3.9375 -45,784 j
«65000c+10 4.1989 40948 47,727 ¢
070000‘:’10 ‘0-3608 '402‘057 “090593 t
«75000E+10 4.5174 4.3909 -51.388 ;
«80J00E+1¢ 4.6092 4.5309 -53.119 ?
«85000E+10 4.8168 4.6661 =-54.,793 .
«90000E+10 44,9603 4.7971 “56.414 1
«95000E+1( 5.1003 4.9241 =57 .9806 i
«100G60E+11 5.237¢C 5.,0673 ~59.514 !

3 «10500E+11 5.3705 5.1672 -60.999 '
+11000E+11 55013 5.2839 =-62.440 i
«11500E+11 5.6294 5.3976 ~63.857 5
«12000€E+11 54755( 5.5085 -65.233 %
¢12500€+11 5.8783 5.6168 =-56.577 !

4
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INDEX OF REFRACTION
RCOFF RESIS LENGTH

%.0000 ¢1000UE~u20mme32258E~02 meters TRANSMISSION

FREQUENCY (Hz) R Z X TRANS(DB)

¢50000E+09 ¢577160hm cm e973220ms ~59,060

-100005*10 081511 031178 '8‘00610

+15000E+10 «99799 99453 =-104.22

«20000E+10G 1.1523 1.1484 =128,.,75

«25000E+10 1.2884 1.2839 -135,30

«30000E+10 1.4115 1.4063 -148.46

»35000E+1C 1.5249 1.5187 -160.54

+L0000E+10 1.630% 1.6233 -171.79 ]

o45000E+10 1.729 1.7215 ~3182.34 3

+50060E+10 1.8235% 1.8143 -192,32

«55000E+10 1.9129 1.9024 -201.80 1

«60000E+10 1.9983 1.9866 ~210,.85 1

+65000E+10 2+08U¢4 240673 -219,.53 "

«7UQDVE+1D 2+1593 241649 -227.88

«75000E+10 2.2356 2+2197 -235.92

«80000E+10 243094 242921 -243.70

«85000E+10 243809 23621 =251.24

¢90000E+1y 2+ 4505 2e 4301 =258455

«95000€E+10 2.5181 24961 ~265.65

+10000E+11 25841 2.5604 =272.57

«10500E+11 2.6485 2.6230 =279.31

«11060E+11 2e7114 2+6842 -285.,88

e11500c+11 247729 247439 -292.31

+12000£+11 2.8331 2.8023 -298.59

«12500E+11 2.8922 2.8594 ~304.74%
{
|
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WODEX OF REFRACTION _ :
RCOFF RESIS LENGTH \
%.000¢ *10003E~3 20mme 147 32E - 02 meters TRANSMISSION
FREQUENCY (Mx) R Zz X TRANS {(JB)
.10000E010 061511 «81178 "37.‘0"
e150udE+1§ «99799 ¢39453 ~46.,009
«20900E+1p 1.1523 1.1484 ~53.554
025306413 1.2884 1.2839 -560.218
«360J0E+10 1.4115 1.4063 -66.230
+35060E+1y 1.5249 1.5187 -71.755
«40G0IES 1 1.630¢4 1.6233 -76.895
+45800L+10 1.7296 1.7215 =81.729
«50000E+1¢( 1.8235 1.8143 -86.280
«550060E+10 1.9129 1.9062¢4 -90.615
o6030dE+10 1.9383 1.9866 ~9%,.754
«65300E¢12 20804 240673 ~98.721
+7006G0E+13 241593 2¢16449 -102.54%
«75G00E+1G 2.2356 202197 -106.21
«80JG0E+1( 2.309¢ 2.2921 ~109.77
«85000€¢1¢ 23809 243621 -113.21
«90GU0E+1( 2+.450¢ 2.4301 -116.56
«95000E+¢1§ 25181 2¢4961 -119.80
«10000C+11 205861 2.5604 -122.97
+10500E+11 2.6485 26230 -126.05
e11400E+11 2e7114 246842 ~12S.05
«12060E+11 2.8331 28023 -134.86
«12500E+¢11 2.8922 2.8594 -137.67
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INDEX OF REFRACTION

RCOFF RESIS LENGTH
34200 e75J)GGE =0 1ohme 32258 E~02moters TRANMISSION
' FRENUENCY {Hz) R z X TRANS(D8)
' «50000E+09 643281 ohmem 3.87280mms =~6.4003
«15004E+10 9.6161 7.b6i96 -10.781
’ «20000E+10 16.996 8.8366 ~12.426
s +250G0E+10 12.263 9.,08517 -13.851
S +360G0E+10 13.446 104713 ~15.109
; , «350G0E+10 14.561 11.454 «16.234
4 j «L0000E+1D 15.620 12.098 =17 248
' ! «450G0E+10 16.631 12.660 -18.168
‘ «500060E+10 17.599 13.151 -19,397
«5506G0E+10 18,529 13.5810 -19,777
| «6C00UDE+10 19.424 13.954 ~20.480
1 +65000E+10 20.285 14.279 -21,141
«70000L¢10 21.116 14.559 -21.747
«75J00E+1¢ 21,917 14.800 -22.309
«80000E+10 224690 15.005 -22.832
«85000E+10 23.436 15,1786 -23.319
«90000€E+10 24,156 15.318 ~23.774
«9500L0E+10 24%4.851 15.432 -24199
«100G0E+11 25.522 15.521 -24.596
+105GJE+11 26.168 15.580 -24.,968
e11000E+11 26792 15.631 ~254.317
«11500€E+11 27 394 15,657 =25.645
+12000t+11 27.974 15.666 -25.953
«12500E+11 28.533 15.659 -26.243
E
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INDEX OF REFRACTION " : .

RCOFF RESIS LENGTH . : -
34200 .750&05-61@.107325-02 Moters TRANMISSION

FREQUENCY (Hz) R z x s TRANS(DB)
050000E009 D 3281“n Jo087280chms ‘1.7269 P
«10000E+10 8.3803 6.§i552 T =2.5884
«150060L+10 9.6161 7.6096 ~3.5319
«200Q0E+19 15990 8.8366 ~4.,3997
«25200E+16 12.263 9.8517 ~5.1630
0300006016 13.446 10.713 . ~3,8395
035000E*10 1‘00561 110‘055 -60‘0175
«40000E+10 15.62u 12.098 ~5,9385
«45000E+10 16.631 12.664 =7.4050
«S500060E+1( 17.599 13.151 -7.8203
+55000E+1¢ 18.529 13.580 -8.2097
+60000E+1g 19,424 13.954 ~8.5610
«650G0E+10 20.285° 14,279 -8.8847
«70000E+19 21.116 . 14.55%9 =9.1844
«75000E+10 21.917 16.800 " -3.4632
«80000E+10 22+.6906 - 15.305 ~3,7234
«85000E+14 23.436 15,176 ~9,9669 . i
«30000E+10 24,156 . 15.318 -10.195° ’
+95000€+10 24.851 15.432 -10.410
«100300c+11 25.522 15.521 -1d.612
«10560L+1} 26.168 15.586 -1d0.802
+110G0E+11 26.79¢ 15.631 -10.982
«11500€+11 . &7439% . 15,657 -11.150-
«12000E+11 27 .974 15.666 -11.310

212500E+11 284533 15.659 =11.460
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WDEX OF REFRACTION

RCOFF RESIS LENGTH
3.4200 c4ILik~)2ehme 32258 E~D02 morers TRANMISEION
FREQUENCY (Hz) R 4 x TRANS (D3)
«50040E+2S9 1.166L shbmem 1.135000m ~28.387
«10000£+10 1.639¢ 1.6144 ~41.381
«15000Lt+1¢ Zedling 1.9801 ~50.0841
«20000£+14G 2edlbl 22874 =59, 064
«250G0E+1G 25872 25573 ~66.301
«36000€E+10 2.8348 2.8067 -72.835
«35000E+1u 3.32629 3.0241 ~78.834
«45300E+10 3.4701 3.4258 -89.635
«5G0G0E+1G 3.6659 3.60692 ~34.569
«5500udE+10 3.8468 3.7833 ~99,.254
+6003GE+10 we.020¢ 39493 ~103.72
«652U0E+10 4,1864 4.1681 -108.94J
«700G0L+10 be 3469 4.2606 -112.1%
e?75000t+10 4.5d2¢0 Y[ T4 ~116.46
«B8000UJESLE $.6523 4.5492 -119.88
«85000E+10 4.,7982 4.6862 -123.58
«90000E+14 Ge3uD2 4.8190 -127.106
«95000€+14 5.0785 bo9bu?8 -130.63
e10000kb+¢11 52135 5.0731 -134.01
«16500E¢11 2345L 5.1950 -137.34
«110G0E+11 5.4744 5¢3137 ~140.59
«11500E+¢11 5.,0007 504295 ~163.63
«12000E+11 547245 5.5420 -146.68
«12500£+11 5.8460 5.6531 -1649.67
A-33
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INDEX OF REFRACTION
RCOFF

3.4200

FREQUENCY (tz)
«500GGE+Q9
«16000E+10
«150G0E+1(
«2000dE*1 .
«25000£+10
«300G0E+1D
35065 +10
«403A0E+1D
o45350c+1¢
«56JGJE+1)
*550GuE+1D
«60030E+10
65300t +¢1¢
«700G0c+10
«75000E+10
«80UGOE+1U
«85000E+10
«90000t+10
«950060E+190
«15000E+¢11
°105G0E+11
«11000E+11
«115G0€+11
«120G0E+11
e12540c+11

RESIS

LENGTH

e4LO0GIE~JICohme 147 32E - 02 meters TRANMISSION

Z

1.166.00mom
1.6394
2.0049
2e3141
245872
28348
3.0629
3.2758
3.4701
3.06659
3.8468
40260
4.1864
4.36469
h.502¢
446523
4.7982
4.9492
5.0785
5.213¢%
2¢345¢
34744
5.0007
247245
S 8“60

A-34

11350t
1.6144
1.9801
2.2874
245573
2.80u7
3.0241
3.2315
3.4258
3.6092
3.7833
309493
b.1G061
4.2606
boloi 74
4.5492
4.6862
4.8190
4.9478
5.6731
5.1950
5.3137
5.4295
5.5426
9.6531

TRANS (J8)
-11.389
-17.263
-21.677
°250~“8
~28.760
‘31.761
~34,.512
-37.C67
~39.463
‘“1.726
43,874
-45,922
-47.883
‘“9.767
-31.580
-530331
-550025
=56.667
-28.260
-53.809
-61.317
-62.787
’6“0221
-65.621
-66.989
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NDEX OF REFRACTION
RCOFF

3.420u
FREQUENCY ith)
«500300c+39
«10000c+1§
«150v0E+10
»2060006E+1(
«258063c 19
«30000c+1¢
«35J300E+1y
o 603ulE*L)
+ 45300 +10G
«50000c- .0
e55980L i
eCOIOIE®LD
«653u0L+10
e 78300+
«7500GUE+10
«800ude+ly
e8500L0E+1J
»90J900E+16
«950C0E*+1
elbulidt+11
«10500c+11
e11dige+1}
«115060E+11
e12300€¢11
«125G0E+11

TRANS (JB)
’590‘5“
~34.621
=104.24
-120.78
-135.35
°1“8051
'160061
-171.87
-182.44
=192.43
-201.93
'211001
-219.7d
-228,07
-236.14
-263.94
-251.49
-258.683
-265.96
-272.99
-279.606
‘286.26
-292.72
=299,02
~305.29

RESIS LENGTH
100 uE~;2ehm, 32258 ~G2meems TRANMNEION
n L x
e57713 cmem e37326chms
81501 815867
«99781 99471
1.152¢ 1.1487
1.288% 1.28643
1.411( 1.4068
1.5202 1.5194
1.629¢€ 1. 6261
1.7287 1.7224
1.8226 1.8154
1.9116 1.9637
1.3969 1.9661
2.0786 2.309s
2.157> 2.1467
2.2330 2.2218
263372 242943
2.3785 2.3645
2.4479 24327
2.5153 2.4990
2.56811 2.5635
2.6452 2.6264
2.7579 2.6878
27692 2.7677
2.829¢ 2.80G64
2.6879 2.8638
A-35
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INDEX OF REFRACTION
RCOFF RESIS

LENGTH
J.4200 ¢1UQUGE~J2ehme 17 32E~02 meters  TRANMRSEION
FREQUENCY (Hz) R V4 x TRANS (DB)
+50000E+29 «57713chmcm ¢5732600ms  -25,366
«10338c+1y e81501 «81167 -37.049
¢ 15400E+16 099761 099‘071 ~46,017
«20000E+1¢ 1.152¢ 1.1487 -53.578
+25000€E+10 1.2884 1.2843 ~00.237
«36GU00E+10 l.411C 1.4068 ~06.255
¢35000€E+13 15242 1.519¢% -71.787
«H%00udE+10 1.629%0 1.6241 -76.933
«45000E+1¢ 1.7287 1.7224 -B81.765
050000:4'16 1.8224 1.8154 -86.333
»55006dt+1y 1.9116 1.9037 =90.670
«606JI0E+LC 1.3969 1.9881 ~94.824
«65000E+1¢ 2.0788 2. 0694 ~98.8J0
«7CGIGOELG 21575 2e1467 ~102.62
«750G0E+10 242336 2.2218 -106.31
+8GJ00E+10 2.3072 2¢2943 -109.88
«850G0E+1D 2.3785 2¢3665 -113.33
«9GJ00E+10D 2eab79 2.4327 -116.08
+9500606E+10 245153 2.439) -119.94
«10000E+11 2.5811 245635 -123.12
«11000E+1 2.7379 2.6878 -129.23
e11500t+11 2.7692 Ce74LTT7 -132.18
«125G0€E+11 2+8879 2.8638 ~137.88
A-36
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Theoretical Transmission of Germamium
(0.127-in.} at 3 Doping Levels
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Theoretical Transmission of Silicon
(0.058-in.) at 3 Doping Levels
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TRANSMISSION

TRANSMISSION ve. TEMPERATURE
GERMANIM 127"

200° 300° 400 500° 600° 700° 800°
TEMPERATURE (Kalvin)

F.GURE B-5

Transmission vs Temperature Measurements for Germanium
(0.127-in.) at 2 Wavelengths
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Transmission vs Temperature Measurements for Silicon

(0.127-in.) at 3 Wavelengths
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